Using an antibody that reacts specifically with the myocytes of the conduction system of the bovine heart, we have studied the atrioventricular node and the spatial distribution of the Purkinje fibers in the bovine heart. This study was complemented by studying the distribution of the gap junction protein connexin43 in these areas in the bovine heart and in the human heart. The large Purkinje fibers in the bovine heart are arranged in a two-dimensional network underneath the endocardium. At discrete sites, these fibers branch to the Purkinje fibers situated between the muscle bundles of the ventricular mass. These intramural Purkinje fibers are arranged in sheets that form a complex three-dimensional network of lamellas. Contacts with the ventricular myocytes are found throughout the myocardial wall, with the exception of a subepicardial layer of 2-mm thickness, ie, 10% to 15% of the wall thickness. The spatial arrangement of the Purkinje fibers correlates well with data on electrophysiology. Connexin43 was not detected in the myocytes of the atrioventricular node, whereas in the Purkinje fibers of the atrioventricular bundle and of the bundle branches, abundant expression of connexin43 was found in both humans and cows. In the bovine Purkinje fibers, a remarkable subcellular distribution of connexin43 is found: it occupies the entire plasma membrane facing other Purkinje cells but not that facing the surrounding connective tissue. The structural differences in architecture of the ventricular conduction system in humans and cows seems not to result in substantial differences in conduction velocities. However, the Purkinje fiber network in the bovine heart may explain the efficient ventricular excitation, as reflected by the relatively short QRS complex compared with that in the human heart, where intramural Purkinje fibers are not found. (Circulation Research 1993;73:482-491) KEY WORDS * conduction system * morphology * gap junction * heart * Purkinje fibers T he essential function of the ventricular conduction system is the fast electrical activation of the ventricles. Electrophysiological studies have resulted in two hypotheses with respect to the distribution of Purkinje fibers' in the ventricle. In the first model, the "funnel" model, the Purkinje system is seen as a cable, branching like a tree.2 At the junction between the Purkinje fiber and the ventricular myocytes (PV junction), the terminal Purkinje fiber has to deliver an excitatory current to the surrounding three-dimensional ventricle. The second model, the "sheet" hypothesis, suggests that the Purkinje fibers are arranged in a subendocardial sheet and are coupled to the ventricular mass at discrete sites.3-5 Morphological arguments have been put forward in favor of the funnel model in the pig heart6'7 and the sheet hypothesis in the rabbit heart.7
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However, the analysis of the spatial distribution of Purkinje fibers was preliminary. For a more extensive analysis, unambiguous markers to delineate the conduction system are required.
An antibody that recognizes specifically a 55 -kD protein in the Purkinje fibers of the conduction system of the bovine heart has been raised (see Reference 8, our accompanying article in this issue of Circulation Research). In the present study, we use this antibody to delineate the spatial arrangement of the Purkinje fibers in the ventricle of the bovine heart. The antibody enables detailed description of the morphology of the regions of impulse transition, ie, the contacts between the atrioventricular node (AVN) and atrioventricular bundle (AVB) and the PV junctions. In addition to subendocardial Purkinje fibers, a network of interconnected Purkinje fibers is present in the bovine ventricular myocardium; this network is connected with the ordinary myocardium at discrete junctions.
Having established the precise morphology of the ventricular conduction system, we complemented this description with an analysis of the distribution of the gap junction protein connexin43. Gap junctions are responsible for the electrical coupling of myocytes and are involved in the spread of the impulse.9 Therefore, their distribution may explain the regional differences in conduction velocity within the conduction system. In two other studies, a correlation was found between slow conduction and an absence of staining with anti-connexin43 (see References 8 and 10). The AVB is generally thought to be characterized by high conduction velocity. In the rat heart, however, the AVB does not contain immunohistochemically detect- 
Antibodies
The monoclonal antibody 445-6E10 that reacts specifically with the cytoplasm of the conduction system of the cow was used to define the conduction system of the bovine heart (see Reference By use of a projection microscope, the Purkinje fibers, as indicated by the staining pattern of antibody 445-6E10, the endocardium, the epicardium, and the contours of the ventricular myocardium were magnified 16 to 40 times and drawn on acetate sheets that were stacked with a proper spacing. Subsequently, computer reconstructions were made by input of the contours and two reference points into a three-dimensional reconstruction data base with the help of a Summagraphics BITPAD 2 digitizer tablet.'9 By use of an Olivetti AT personal computer, three-dimensional reconstruction data bases were calculated. The reconstructed structures could be observed on a 14-inch color monitor at almost any desired rotation angle. Color prints were made with an IBM-3852-2 ink-jet printer. Both the computer reconstructions and the acetate sheets were used by a medical artist to make schematic drawings.
Results

Reaction Pattern ofAntibodies
In the human and bovine heart, anti-a-myosin heavy chain reacted with the atrium but not with the ordinary ventricular myocardium. This antibody reacted with the myocytes of the AVN homogeneously and with the myocytes of the AVB and bundle branches heterogeneously. Anti-13-myosin heavy chain reacted with the myocytes of parts of the atrium and with all ventricular myocytes, including the AVB and bundle branches. Reaction of the anti-connexin43 antibodies was found in the intercalated disks of the ordinary myocytes of the atrium and ventricle. These patterns are in agreement with earlier findings (see References 20 through 22 and the accompanying article8), demonstrating the consistency of the methods used.
In the bovine heart, the antibody against the bovine conduction system (445-6E10) reacted The AVN is composed of a network of tiny (diameter, 5 to 10 gim) myocytes embedded in connective tissue. In the myocytes of the AVN, we could not detect connexin43 (Fig 2, d) . The AVN terminates in fingerlike myocytes that make contact with myocytes of the AVB. A three-dimensional reconstruction of this junctional zone (Fig 2, b) showed that a few nodal myocytes were arranged like the tentacles of an octopus to make contact with one myocyte of the AVB, both at their lateral sides and at the longitudinal ends.
The myocytes of the AVB are much bigger (diameter, 70 gim) and also form a network embedded in connective tissue (Fig 2, a through c ). An abundant reaction with anti-connexin43 was found at the entire abutting cell membrane of the myocytes but not at the sarcolemma facing the connective tissue (Fig 2, e) .
Purkinje Fiber Network
Ventricular septum. Under the endocardium of the left side of the ventricular septum. the main bundles of the left bundle branch are found in clusters embedded in dense connective tissue (Fig 3, a and c) . We did not observe ramifications of these main bundles that branch away into the septum. However, in addition to the clustered main bundles, smaller solitary bundles of Purkinje fibers were found in the subendocardium; these bundles were surrounded by only a thin layer of connective tissue (Fig 3, a; fibers are the terminals of the thicker intramural tracts has yet to be established. Only between the small Purkinje fibers and the ventricular myocytes were histological connections visible (Fig 4, a) . Ventricular free walls. Bundles of Purkinje fibers were observed under the entire endocardium of both left and right ventricles (Figs 5 and 6 ). These Purkinje fibers have the same morphology as those of the main bundles on the ventricular septum but are arranged in smaller groups and surrounded by a thinner layer of connective tissue (Fig 5,  c) . The connective tissue sheath around the intramural tracts gradually disappears toward the end of the tracts (Fig 5, d and e) . Three-dimensional reconstructions demonstrated that the subendocardial bundles form a twodimensional network (Fig 6) .. (thickness, 14 mm) and in the much thicker wall of the left ventricle (20 mm). Thus, transmural tracts of Purkinje fibers were at least up to 12 mm long in the right ventricle when measured from the subendocardial main bundles to the PV junctions.
Connection of Purkinje Cells With Ventricular Myocardium
In the terminal branches, PV junctions are found (Fig  7) . In most of the PV junctions, the morphology of the Purkinje fibers gradually changes into that of ordinary myocytes: The diameter of the Purkinje fibers becomes smaller; the myofibrils become arranged in parallel, resulting in a cross-striation; and intercalated disks are formed at the longitudinal ends. These gradual junctions can be composed of longitudinally arranged single Purkinje fibers ("longitudinal"; Fig 7, a and c (Fig 7, e) dium, its subcellular localization in the Purkinje fibers of the AVB, the main bundles, and the intramural network was found to be remarkably different (Figs 2, e; 3, d; and 4, c through e). In these fibers, connexin43 is visible as intense punetate staining along the entire cell membrane facing other myocytes but not in the sarcolemma facing the connective tissue. The staining pattern suggests a localized high density of gap junctions between the Purkinje fibers.
Purkinje Fibers of Human Heart
In the AVN of the human heart, connexin43 could not be detected (Fig 8, b) , whereas it was found in the end-to-end intercalated disks of the AVB and bundle branches (Fig 8, d and f) . The intercalated disks in the human heart were found end to end in the irregularly shaped myocytes of the AVB and in the longitudinally arranged Purkinje fibers of the bundle branches. Discussion The part of the conduction system we have described in the present study can be distinguished in two morphological and functional different regions, ie, the AVN and the Purkinje fibers of the AVB and bundle branches.
Comparison of the Architecture of Impulse-Relaying Structures
The absence of immunologically detectable connexin43 in the AVN of human and bovine hearts is in line with a very rare occurrence of gap junctions in these structures as found by electron microscopy.23,24 This, the small diameter of the myocytes, and the absence of fast Na' current can explain the low conduction velocity that is found in the AVN.25 In addition, the sinoatrial node is remarkably similar in humans, cows, and rats (the present study, the accompanying article,8 and References 10 and 23) with respect to the morphology and the arrangement of the myocytes that are embedded in dense connective tissue and the low abundance of gap junctions as identified by the absence of staining with anti-connexin43. Thus, a correlation between slow conduction25,26 and a low occurrence of gap junctions is found in the nodes of all three species. The comparable characteristics of the sinoatrial node and AVN are probably related to the function, ie, pacemaking of the atria and latent pacemaking of the ventricles, respectively.27,28 Furthermore, their morphology reflects their common origin from the so-called primary myocardium. 29 In the human heart, a gradual transition of the small nodal fibers into larger His-bundle fibers is present, typical for midsized mammals. In the rhesus monkey heart, the transitional area of the nodal His region shows a great variety in fiber type and cell size; thus, a gradual transition and an abrupt transition of small nodal fibers into larger Purkinje fibers are equally present.30 The abrupt transition that is found in the bovine heart is typical for the ungulates.31-33 Interestingly, the morphology of the transition between AVN and AVB is reminiscent of that found at .. the boundary of the sinoatrial node and the atrium (see Fig 4, e, of accompanying article8) and at the PV junctions (Fig 7, f) . In these structures, the impulse is relayed from tiny myocytes that encircle bundles of bigger myocytes to which the impulse is transferred. Main Bundles of the Conduction System Whereas the slowly conducting myocytes of the AVN are characterized by the absence of staining with anticonnexin43 in all three species, the directly neighboring myocytes of the AVB and those of the bundle branches abundantly express connexin43 in the human and particularly in the bovine heart. In contrast, in the rat and mouse heart, the AVB and proximal part of the bundle branches, regions in which in several other mammalian species the conduction velocity is found to be high, are characterized by a low abundance of connexin43-containing gap junctions. 10, 37 This phenomenon might therefore be specific for the small (rodent) heart, and it can be speculated that these structures should be considered as a functionally extended node to ensure a sufficiently long atrioventricular delay."'
The Purkinje fibers in the bovine heart are well differentiated. This high degree of differentiation is not only reflected by their specific molecular properties, as revealed by the presence of a specific desmin isoform38 and the specific reaction of antibody 445 -6E10, but also by a remarkable subcellular distribution of gap junctions; these structures occupy the entire plasma membrane facing other Purkinje fibers but not the sarcolemma facing the surrounding connective tissue. These findings are in line with ultrastructural studies that reported a similar distribution of intercalated disk-like structures and gap junctions in the Purkinje fibers of ungulates.39~42 Our immunohistochemical study therefore suggests that the Purkinje fibers in the bovine heart are extremely well coupled. Bundles of Purkinje fibers may function as core conductors with a relatively low internal resistance, a large cross-sectional diameter, and a good electrical insulation by connective tissue. However, although such specialization of the Purkinje fibers is not seen in the human heart, conduction velocities in the bundles of the bovine and human heart do not differ substantially.43 44 
Intramural Purkinje Network
The specific reaction of 445-6E10 with the Purkinje fibers of the bovine heart enabled us to mark unambiguously the conduction system, including the terminal Purkinje fibers of the PV junctions, and to prepare a three-dimensional reconstruction of the Purkinje fibers in the ventricular wall (see Fig 6) .
Our reconstructions demonstrate that the Purkinje fibers in the ventricle form a complex spatial network of lamellas that originates at discrete branching sites from the subendocardial network of larger Purkinje fibers. Both in the left and right ventricle, connections between the Purkinje fibers and the ventricular myocytes were found throughout the myocardial wall, with the exception of the subepicardial layer of 2-mm thickness.
The presence of intramural Purkinje fibers is typical for the ungulate and chicken heart.3345 However, the spatial distribution of Purkinje fibers as revealed by our reconstructions is not in line with the findings in the pig heart6 and does not support the generally accepted branching pattern of the intramural tracts that is often described in textbooks (eg, see Reference 46). Most likely, the discrepancy is due to the fact that no reconstructions were made. We could trace intramural strands of Purkinje fibers over a distance of at least 12 mm, which is much longer than the tracts reported by Tranum-Jensen et a17 found in single sections of the pig heart.
In other mammals, the Purkinje fibers establish contiguity with the ventricular fibers in the subendocardial layer.31 Sheets of transitional cells that are described to be present between the subendocardial Purkinje fibers and the ventricular myocardium of the rabbit heart7 are not found in the bovine heart. This may reflect the well-known differences in morphology between the ventricular conduction system of the ungulates and other mammalian species. 45 
Electrophysiological Implications
The penetrations of Purkinje fibers at regular distances into the myocardial wall may explain the electrophysiological findings of activation of the ventricular myocardium at discrete sites.3-5 The morphology and distribution of terminal contacts constitutes the electrophysiological properties of terminal Purkinje fibers, delivering excitation current to the three-dimensional ventricular myocardium.2 Thus, our data on the arrangement of Purkinje fibers do support both the sheet and the funnel hypothesis and demonstrate that a combination of both morphological elements is present.
The function of the tiny terminal Purkinje fibers at the PV junctions is to prevent intercyclic preexcitation of the ventricular myocardium.7,35 PV junctions along the intramural tracts of Purkinje fibers, however, are not described in the literature, so the electrophysiological implications of these contacts remains to be established.
The network of intramural tracts of Purkinje fibers and the abundance of PV junctions in the ventricle of the bovine heart are suggestive of a relatively efficient excitation of the ventricular myocardium. In line with this suggestion, the ventricular excitation time (QRS complex) of the human and the fourfold larger bovine heart are similar (90 milliseconds). 47 In fact, the QRS complex of all hoofed and phylogenetically related animals33 is relatively short compared with that of other animals and barely increases with the size of the heart.4748 This indeed suggests that the presence of a Purkinje fiber network in the ventricular myocardium results in a more efficient excitation of the ventricles compared with the absence of intramural Purkinje fibers.
